Introduction {#sec1}
============

Healthy bone has the natural ability to heal spontaneously.^[@ref1]^ However, the use of bone grafts cannot be avoided, e.g., for patients suffering from traumatic accidents or genetic defects.^[@ref2]^ Common bone grafts such as autografts (patient bone), allografts (human cadaver bone), xenografts (animal bone), and synthetic materials (ceramics and metals), which are used to supplement bone repair in large defects, are associated with several limitations, including donor site morbidity, limited availability, risk of infections, and disease transmission.^[@ref3],[@ref4]^ As a result, there has been growing interest in the creation of new bone by culturing the patient̀s own cells on a scaffold in physiological conditions (bone tissue engineering, BTE). To engineer an environment supporting bone formation, combinations of biochemical and biophysical cues need to be presented to the cells in a three-dimensional setting in a way that enables cellular interactions with the surrounding cells and the extracellular matrix (ECM).^[@ref5]^ In this context, micromechanical interactions between the cells and the scaffolds have to be considered as well since these influence both cell migration and differentiation.^[@ref6]^ The cells also exert forces on the scaffold and can remodel it throughout tissue development.

The clinical and scientific utility of tissue engineering largely depends on the ability to predictably induce the differentiation of cells into the correct phenotypes in a spatially and temporally defined pattern. As shown in several studies, cellular differentiation can be greatly influenced by the surrounding cell microenvironment, highlighting the importance of careful scaffold design and processing.^[@ref7]−[@ref9]^ Among other scaffold processing techniques, electrospinning has often been lauded due to its potential to fabricate ECM mimicking fibers.^[@ref10]−[@ref12]^ Furthermore, electrospun materials are multifunctional as they allow the incorporation of ligands for integrin binding, glucosaminoglycans representing ECM proteoglycans, growth factors that stimulate cell growth and differentiation, and drugs that can be used to suppress adverse body reactions.^[@ref13]^

Usually more than one polymeric material is required to achieve the desired properties in a given scaffold. A promising strategy is the use of polymer blends, which combine good mechanical properties and biodegradability, afforded e.g. by a synthetic polyester on the one hand with advantageous surface properties afforded by natural biopolymers on the other hand. Compared to the individual synthetic and natural polymers, their blends have been reported to result in improved in vitro apatite formation,^[@ref14]^ enhanced cell proliferation, and differentiation.^[@ref15]^ Natural polymers possess organized structures, which can bind with cell receptors, leading to good cell attachment and proliferation.^[@ref16]^ In line with this, we recently reported that the incorporation of the anionic sulfated polysaccharides kappa-carrageenan (KCG) and fucoidan (FUC) into polyhydroxybutyrate (PHB) and poly(hydroxybutyrate-valerate) (PHBV) resulted in enhanced bioresponse with a concomitant overall decrease in crystallinity, enhancement of surface hydrophilicity, reduction in brittleness, and faster degradation of the polymer blend films.^[@ref17]^

Following these promising results, electrospun PHB/KCG and PHBV/KCG fibers were investigated.^[@ref18]^ The presence of KCG at the blend fiber surface resulted in the formation of nanosized apatite crystals compared to micron-sized ones formed on the surface of the pure polyesters. Well-developed filopodia from mouse fibroblast cells were observed on the surface of the blend fibers, which facilitated cell proliferation. In addition, KCG incorporation in PHB and PHBV fibers resulted in improved in vitro differentiation and mineralization of preosteoblasts (SaOS-2).^[@ref18]^

The structure of KCG closely resembles that of natural glycosaminoglycans (GAGs) present in the native ECM.^[@ref19]^ Furthermore, its inherent thixotropic behavior facilitates its use as an injectable matrix for the delivery of macromolecules and cells.^[@ref20]^ Both KCG^[@ref21]^ and FUC^[@ref22]^ have been shown before to be promising for BTE applications. FUC has been reported to increase the cellular activity of bone by inducing fibroblasts growth factor-2, collagen formation, fibroblastic proliferation and in vitro and in vivo angiogenesis.^[@ref23],[@ref24]^ However, despite encouraging results of KCG and FUC, there are still major shortcomings, which need to be addressed. These include, for instance, expensive price and difficulties in the processability of electrospun scaffold in clinical applications.

In this current study we expand on the promising initial results mentioned above by investigating and determining the impact of (i) the type of natural biopolymer (kappa-carrageenan, KCG vs fucoidan, FUC) and (ii) a different synthetic polymer (polydioxanone, PDX) on the cell viability and differentiation.

Polydioxanone (PDX) was chosen due to numerous attractive properties as the biodegradable polyester for the blend fibers. PDX has not received much attention except for a few applications since its commercialization in 1981.^[@ref25]−[@ref27]^ However, this poly(ester-ether) possesses considerable potential for biomedical applications due to its good mechanical performance, biocompatibility and biodegradability.^[@ref28]^ PDX shows greater softness and flexibility (Young's modulus = 15 MPa) compared to polyesters, such as PHB (Young's modulus = 275 MPa), due to the presence of the ether bond and the additional methylene group.^[@ref29],[@ref30]^ In addition, the mechanical properties of electrospun PDX are of the same order of magnitude as the major structural components of native ECM (including bone ECM). In particular the peak stress exhibited by electrospun PDX is within the range of elastin and near the lower limit of collagen.^[@ref30]^ Furthermore, several studies showed promising initial results of PDX in BTE applications.^[@ref31]−[@ref34]^

The aim of this current study was to investigate how cell viability and differentiation are affected by the incorporation of KCG or FUC in electrospun PDX blend fiber mats. The properties of electrospun fibers consisting of blends of KCG or FUC with PDX were analyzed and the response, morphology and promotion of osteogenic differentiation of SaOS-2 preosteoblasts were unraveled. In addition, the cell viability of NIH3T3 fibroblasts and induced pluripotent stem (iPS) cells was analyzed on the various blend fiber mats. NIH3T3 cell proliferation was found to be significantly improved on PDX/KCG scaffold materials compared to PHB/KCG and PHBV/KCG fibers, whereas the osteogenic differentiation data indicated a higher innate osteogenic differentiation potential of PDX/FUC compared to PDX/KCG scaffold materials, all of which is promising for optimized blend fiber performance in BTE applications.

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

Polydioxanone (Resomer X 206S, inherent viscosity 2.0, *M*~w~ = 1.01 × 10^5^ g/mol) was purchased from Evonik, Germany. KCG and FUC were bought from Sigma-Aldrich. 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) purchased from FluoroChem, was used as received. The Milli-Q water used in this study was drawn from a Millipore Direct Q8 system (Millipore, Schwalbach, with Millimark Express 40 filter, Merck, Germany) with a resistivity of 18.0 MΩ cm. Phosphate buffer tablets (PBS) were purchased from VWR Life Sciences and PBS solution was prepared by dissolving one tablet in 100 mL of Milli-Q water.

Electrospinning {#sec2.2}
---------------

PDX/KCG blend solutions at a concentration of 150 mg/mL were prepared by dissolving PDX and KCG in HFIP and CHCl~3~, respectively. Similarly, PDX/FUC blend solutions with a concentration of 175 mg/mL were prepared by dissolving PDX and FUC in HFIP and DMF, respectively. The blend solutions were stirred at 300 rpm for 1 h at room temperature. The solvent ratio varied depending on the blend system as summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. PDX/KCG and PDX/FUC were blended in the following ratios: 100/0, 90/10, 80/20 and 70/30 w/w% and all polymer blend solutions were left on a shaker plate overnight before electrospinning. Electrospinning was carried out using the same set up as reported by Goonoo et al.^[@ref18]^ The electrospinning parameters ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) were optimized to produce continuous fibers, which were collected as nonwoven fiber mats on the statically grounded rectangular aluminum target. After electrospinning, the mats were removed from the collecting target and stored in a desiccation chamber until further analysis.

###### Electrospinning Parameters Used for PDX/KCG and PDX/FUC Solutions

  blend system   solvent system           concentration (mg/mL)   flow rate (mL/h)   voltage (kV)   air-gap distance (cm)
  -------------- ------------------------ ----------------------- ------------------ -------------- -----------------------
  PDX/KCG        HFIP/CHCl~3~ (7/3 v/v)   150                     6.0                +25            15
  PDX/FUC        HFIP/DMF (9/1 v/v)       175                     0.3                +20            15

Characterization of Electrospun Mats {#sec2.3}
------------------------------------

The average fiber diameter of the electrospun mats was determined as reported in Goonoo et al.^[@ref18]^ by scanning electron microscopy. Briefly, the average fiber diameter was determined by measuring the diameter of 50 different fibers from scanning electron microscopy (SEM) images using ImageJ software. The SEM images and high resolution field-emission (FE)-SEM images were taken using a CamScan microscope (CS24, USA) and a Quanta 450 field-emission-scanning electron microscope respectively, as reported previously.^[@ref18]^

Attenuated Total Reflectance-Fourier Transform Infra-Red (ATR-FTIR) spectra were recorded using a Bruker Tensor 27. ATR-FTIR spectra were acquired between 600 and 3500 cm^--1^ by accumulating 16 scans.

The thermal properties of the electrospun blend fibers were analyzed using a differential scanning calorimetry (DSC) and a thermogravimetric analyzer (TGA) as reported in Goonoo et al.^[@ref18]^ The degree of crystallinity of PDX in the blend mats (*X*~PDX~) was calculated using [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}--[3](#eq3){ref-type="disp-formula"}. For that purpose, the enthalpy of melting for 100% crystalline PDX was taken from the literature as 141.18 J/g.The static contact angles of the fiber mats were measured using Milli-Q water as a probe liquid with an OCA 15plus instrument (Data Physics Instruments GmbH, Germany), as also reported previously.^[@ref18]^ Measurements were taken for at least three independent samples for all characterizations.

Fiber morphology and integrity of the electrospun mats was assessed using PBS (pH 7.3) at 37 °C for up to 5 weeks.^[@ref18]^

Culture of NIH3T3 Mouse Fibroblast Cells and SaOS-2 Preosteoblast Cells {#sec2.4}
-----------------------------------------------------------------------

The NIH3T3 and SaOS-2 cells were cultured at standard conditions (37 °C, 5% CO~2~) as reported earlier.^[@ref18]^ The MTT assay was conducted to quantify the number of NIH3T3 cells on the blend mats on days 3 and 7, respectively.^[@ref18]^ The ability for mineralized nodule formation and calcium deposition by SaOS-2 cells (mineralization) was investigated via Alizarin Red-S staining.^[@ref18]^

Live--Dead Staining {#sec2.5}
-------------------

Triplicates of 1 × 1 cm^2^ of each blend mat were disinfected (30 min ethanol followed by three 10 min PBS washes) and transferred to 24-well plates and seeded with 100 000 NIH3T3 or 1 00 000 SaOS-2 cells/well or with embryoid bodies (see [Section 2.5](#sec2.5){ref-type="other"}). Cell viability was assessed after 24 h via live--dead assay whereby cells were stained with FDA (5 mg/mL, Fluorescein diacetate; Sigma-Aldrich) and PI (2 mg/mL, Propidium Iodide; Carl Roth), respectively. Fluorescence microscopy images of live (green) and dead (red) cells were then acquired with a fluorescence microscope (Axiovert 135, Carl Zeiss, Oberkochen, Germany). The number of live cells (green) and dead cells (red) were then quantified from fluorescence images.

Fluorescence-Staining of SaOS-2 Cells {#sec2.6}
-------------------------------------

For fluorescence staining, the cells were washed with PBS, fixed with paraformaldehyde (4% in PBS, 30 min; VWR), permeabilized with Triton X-100 (0.2% in PBS, 10 min; VWR), and unspecific binding sides were blocked for 45 min (2% BSA in PBS; Sigma-Aldrich) at room temperature. Samples were incubated in a phalloidin--rhodamine solution for 30 min (5 U/mL in 1% BSA; Invitrogen, Life Technologies) as well as Hoechst staining solution (Sigma-Aldrich) for 20 min. Samples were mounted with Mowiol mounting medium (Carl Roth GmbH) on cover glass slides and attached to microscope slides.

Induced Pluripotent Stem Cell (iPSC) Culture {#sec2.7}
--------------------------------------------

Human dermal fibroblast-derived (feeder-free) iPSCs were bought from BioCat GmbH (Heidelberg, Germany). They were cultured on Matrigel (Corning hESC-Matrix) coated TCPS 6-well plates and the iPSC colonies were maintained in mTeSR1 medium (Stem Cell Technologies). The medium was replaced every day and the iPSC colonies were passaged every 5--6 days. Briefly, the cell colonies were first washed with PBS and the colonies incubated with 1 mL of ReLeSR (enzyme-free treatment) for 5 min. After incubation, 1 mL of mTeSR1 was added and the colonies were detached by firmly tapping the side of the plate for about 30--60 s. The detached cell aggregates were transferred to a 15 mL of falcon tube and centrifuged (300 g, 3 min). The cell aggregates were resuspended in fresh mTeSR1 using a 5 mL serological pipet (so as not to destroy the aggregates) and then plated at the desired density (1:6) onto precoated Matrigel wells containing mTeSR1. The plate was moved back-and-forth and side-to-side to ensure even cell distribution and then incubated at 37 °C.

Embryoid Body (EB) Formation Using the Hanging Drop Method {#sec2.8}
----------------------------------------------------------

The hanging drop method provides uniform sizes of EBs by dispensing equal numbers of iPS cells in physically separated droplets of media suspended from the lid of a Petri-dish. For EB formation, single cells were obtained from iPSC colonies by incubating the colonies with 500 μL of Accutase (Merck Millipore, Darmstadt, Germany) for 5 min at 37 °C. After incubation, 1 mL of medium (1:1000 v/v mTeSR1: inhibitor Y-27632 (Stem Cell Technologies)) was added to each well and the contents transferred to a 15 mL falcon tube and centrifuged at 1200 rpm for 4 min. After centrifugation, the supernatant was removed and the cell pellet was resuspended in fresh medium. The number of cells was counted using a Neubauer improved counting chamber (Brand, Wertheim, Germany). A diluted cell suspension was prepared with final concentration 75 cells/μL.

As a next step, 10 mL of PBS was added to 10 cm Petri-dishes. With the help of a multichannel pipet, 20 μL (1 drop) of the diluted cell suspension (1500 cells) were deposited onto the lid of the Petri-dish. The lid of the Petri dish was very carefully and quickly inverted onto the Petri dish. The Petri dish was then incubated at 37 °C for 24 h.

Seeding of EBs on Electrospun Mats {#sec2.9}
----------------------------------

After 24 h incubation at 37 °C, the EBs were flushed with 5 mL mTeSR1 of and then transferred to a Petri-dish. The number of EBs was counted using the optical microscope (Primovert, Carl Zeiss, Oberkochen, Germany). Prior to seeding of EBs onto the scaffold materials, the latter were immersed overnight in 70% ethanol (asceptic agent) and incubated with 10 μg/mL Fibronectin (Bovine plasma, Calbiochem, EMD Millipore Corp USA) at 37 °C for 1 h. Approximately 20 EBs were seeded on each electrospun mat (1 × 1 cm^2^) and 1 mL mTeSR1 was added to each well (24-well plate).

Statistical Analysis {#sec2.10}
--------------------

The data are presented as mean ± standard error of mean. Statistical analyses were done with the one-way analysis of variance (ANOVA) test (Origin Software Version 8.5) except where indicated and a Bonferroni post-test was used. A value of *p* \< 0.05 was considered statistically significant.

Results and Discussion {#sec3}
======================

Fabrication and Characterization of PDX/Polysaccharide Blend Fibers {#sec3.1}
-------------------------------------------------------------------

Blend fibers consisting of PDX and the polysaccharides KCG or FUC were fabricated using the electrospinning method. For electrospinning, solutions of PDX/KCG or PDX/FUC in HFIP mixed with CHCl~3~ or DMF, respectively, were employed ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The polymer blend ratio was varied to investigate different ECM mimicking biochemistries and mechanical strengths. However, due to the ionic nature of the polysaccharides and their ability to form strong intramolecular hydrogen bonds, they cannot be electrospun from neat polysaccharide solution or at high polysaccharide/PDX ratios. Hence in this study, the blend ratio was varied from 100/0 to 70/30; 30% (w/w) was the highest polysaccharide content in the blend fibers. All further studies were conducted with this polysaccharide content. The resulting electrospun blend fiber mats were analyzed by SEM and FE-SEM to confirm the bead-free fiber morphology ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Fiber diameters ranged between 0.50--1.15 μm and 0.24--0.33 μm for PDX/KCG and PDX/FUC fibers respectively ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).

![SEM images of electrospun 70/30 (A) PDX/KCG and (B) PDX/FUC; FE-SEM images of (C) PDX/KCG 100/0, (D) PDX/KCG 70/30, and (E) PDX/FUC 70/30 fibers.](ab-2017-00350y_0001){#fig1}

###### Summary of Fiber Diameters According To SEM Data

  blend composition   fiber diameter (μm)
  ------------------- ---------------------
  PDX/KCG             
  100/0               1.15 ± 0.27
  90/10               1.00 ± 0.22
  80/20               0.87 ± 0.22
  70/30               0.50 ± 0.19
  PDX/FUC             
  100/0               0.39 ± 0.10
  90/10               0.20 ± 0.07
  80/20               0.21 ± 0.05
  70/30               0.24 ± 0.05

The presence of physical interactions between PDX and the polysaccharides was investigated by ATR-FTIR spectroscopy of the blend fibers. Pure PDX fibers showed a strong and characteristic peak of the carbonyl C=O stretching vibration at 1735 cm^--1^ and a smaller peak associated with the C--H stretching vibration at 2968 cm^--1^. The broad peaks at around 3381 cm^--1^ in both KCG and FUC were attributed to the O--H stretching vibration. In addition, the FTIR spectrum of KCG showed a characteristic O=S=O asymmetric stretching and the C--O--C stretching vibration of the 3,6 anhydrogalactose at 1222 and 923 cm^--1^, respectively.^[@ref35]^ The bands in the region of 840--850 cm^--1^ in KCG were attributed to the presence of the C--O--SO~3~^--^ group on C4 of the 3-linked β-[d]{.smallcaps}-galactopyranosyl unit.^[@ref36]^ FUC displayed a broad band at 1183--1280 cm^--1^ with a maximum at 1216 cm^--1^ (S--O stretching vibration). The broad band at 830 cm^--1^ (C--S--O) in FUC suggests a complex pattern of substitution according to Rodriguez-Jasso et al.^[@ref37]^ The carbonyl region, which is sensitive to H-bonding, was analyzed in depth, because noncovalent interactions between PDX and the polysaccharides were anticipated. From the FTIR spectra, no shifts in the position of the carbonyl peaks were observed for the blend fibers in comparison to pure PDX ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The analysis of the second derivative spectra of pure PDX showed that the C=O peak consists of two components centered at 1734 and 1746 cm^--1^. This splitting has been attributed in the literature to the "cis" and "trans" conformations of the oxyethanoate structure (−O--CH~2~--CO-O−) in PDX.^[@ref38]^ The presence of a new peak in the second derivative spectrum of PDX/KCG was noted at 1719 cm^--1^, which was absent in the spectra of the corresponding PDX/FUC blend fibers ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). This suggests that the C=O groups in PDX are involved in the formation of H-bonding with the OH groups in KCG. In general, C=O bands in the region 1700--1720 cm^--1^ are well-known for many H-bonded polymers containing C=O groups and OH groups.^[@ref39],[@ref40]^ The peak at 1747 cm^--1^ can be assigned to "free" trans C=O groups; the intermediate peak (1734 cm^--1^) resulted from the overlap of "free" cis C=O groups and H-bonded trans C=O groups. The peak at 1719 cm^--1^ was attributed to H-bonded cis C=O groups. The red shifts observed for both the trans and cis C=O groups are nearly identical, about 16 cm^--1^.

![FTIR spectra of PDX, PDX/KCG 70/30, and PDX/FUC 70/30.](ab-2017-00350y_0002){#fig2}

![Second derivative FTIR spectra of PDX and 70/30 blend fibers.](ab-2017-00350y_0003){#fig3}

Further evidence for noncovalent interactions in the blend fibers was sought from differential scanning calorimetry (DSC) and thermogravimetric analyses (TGA). Phase separation of the two polymers in the blends was studied by observing changes in the melting temperature (*T*~m~). The observation of only one *T*~m~ for the 90/10 PDX/KCG fibers, which was lower than that of PDX, indicates the miscibility of the polymers in these blend fibers ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}, [Figure S1A, B](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00350/suppl_file/ab7b00350_si_001.pdf)). Further addition of KCG to PDX (80/20 and 70/30) led to phase separation, as suggested by the presence of two distinct *T*~*m*~ signals. On the other hand, two melting transitions were noted for PDX/FUC fibers irrespective of the blend composition.

###### Summary of the DSC Results

  blend composition (wt/wt %)   *T*~m~ (°C)    Δ*H*~m~ (J/g)   *χ*~PDX~ (%)   *T*~cc~ (°C)   Δ*H*~cc~ (J/g)
  ----------------------------- -------------- --------------- -------------- -------------- ----------------
  PDX/KCG fibers                                                                             
  100/0                         107.9, 105.5   66.7            47.2           81.6           3.16
  90/10                         104.5          53.0            41.7           80.1           4.46
  80/20                         108.0, 104.6   60.7            53.8           79.1           4.49
  70/30                         108.4, 104.7   45.6            46.1           82.9           4.05
  PDX/FUC fibers                                                                             
  90/10                         107.5, 102.5   62.23           49.0                           
  80/20                         107.1, 101.3   58.23           51.5                           
  70/30                         106.9, 101.9   49.08           49.7                           

The degree of crystallinity of PDX (χ~PDX~) varied with the incorporation of the biopolymers and showed no clear trend with increasing KCG or FUC content. Moreover, the presence of a shoulder to the main endothermic peak in the DSC traces of the PDX/FUC blend fibers indicated that the thinner lamellae melted first, followed by the thicker lamellae. The presence of cold crystallization temperature peaks (*T*~cc~) for all PDX/KCG blend fibers provides evidence for the notion that some PDX chains could reorganize even in the presence of KCG and crystallization occurred. By contrast, no *T*~cc~ was observed for the PDX/FUC blend mats, presumably due to the more mobile PDX chains as a result of immiscibility between PDX and FUC. The absence of cold crystallization in the PDX/FUC fibers hence suggests immiscibility of the polymers in the blend system.

Because of the incorporation of the biopolymers KCG and FUC in PDX, all the blend fibers displayed three thermal degradation stages in TGA experiments in contrast to pure PDX, which degraded in a single stage ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}, [Figure S2A, B](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00350/suppl_file/ab7b00350_si_001.pdf)). Both KCG and FUC degraded in three stages, where the first weight loss was noted at 30.1 and 33.6 °C for KCG and FUC, respectively. This weight loss corresponds to the loss of moisture as reported by Rodriguez-Jasso et al.^[@ref37]^ The first onset degradation temperature, *T*~onset1~ of the blend fibers was lower than that of pure PDX. In addition, *T*~onset1~ of PDX/KCG fibers was lower than that of PDX/FUC, confirming a higher degree of interactions in PDX/KCG. The lowest value of *T*~onset1~ was noted for the 80/20 PDX/KCG blend fibers. This observation indicates the highest miscibility for this blend composition and the occurrence of phase separation above 30 wt % of KCG.

###### Summary of TGA Results

                   first stage   second stage   third stage                
  ---------------- ------------- -------------- ------------- ---- ------- ----
  PDX/FUC fibers                                                           
  PDX              225.4         99                                         
  KCG              30.1          13             190.0         44   430.0   12
  FUC              33.6          19             207.4         29   335.9   23
  PDX/KCG fibers                                                           
  90/10            204.7         4              307.7         87   364.9   5
  80/20            182.1         3              275.1         93   345.2   4
  70/30            202.6         6              318.7         83   370.2   8
  90/10            211.2         8              267.8         64   322.4   21
  80/20            215.0         6              282.1         86   329.5   4
  70/30            209.3         10             293.7         74   334.4   8

Water contact angle measurements indicated that sufficient polysaccharides are present on the fiber surface to render the mats hydrophilic. Electrospun PDX homopolymer displayed a static contact angle value of 29 ± 0.9°, showing the hydrophilic character of the polymer and the pronounced porosity of the fiber mat. On the other hand, it was not possible to measure the contact angles of the blend fibers reliably as the water droplets were absorbed too quickly. This wetting behavior is consistent with the display of the hydrophilic polysaccharides at the fiber surfaces.

To ensure the required stability of the fiber mats during the long-term cell experiments, we analyzed the fiber morphology and functional integrity of the electrospun mats by incubating the electrospun fibers under physiological conditions in the absence of any added enzymes. The SEM data ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) show that in contrast to pure PDX fibers only few regions of fiber melting were noted in the electrospun blend fibers. Because of the miscibility of PDX and KCG, PDX/KCG fibers maintained a better fiber integrity compared to PDX/FUC for up to 5 weeks. Because the overall fiber topology was practically unchanged, it can be concluded that these electrospun substrates could provide cells with stable topographical features and surface area to adhere and grow.

![SEM images of electrospun (A) PDX, (B) PDX/KCG 70/30, and (C) PDX/FUC 70/30 after 5 weeks in PBS at 37 °C (The insets show regions of fiber melting on the mats).](ab-2017-00350y_0004){#fig4}

Cell Viability and Preliminary Biocompatibility {#sec3.2}
-----------------------------------------------

One of the primary requirements of tissue engineering scaffolds is that they are nontoxic and should not result in undesirable cell response. To test the cytotoxicity of the electrospun mats, the mats were seeded with both fibroblasts cells (NIH3T3 cells) and human osteosarcoma cells (SaOS-2 cells) and the viability of these cells was assessed using the live--dead staining method. Only the 70/30 (wt/wt %) composition was chosen, as this blend ratio corresponds to the highest polysaccharide content among the range of blend fibers fabricated and any negative effect of the polysaccharide on cell viability would be easily observed. As can be seen in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, the addition of the anionic polysaccharides KCG and FUC led to an increase in the number of live cells for both NIH3T3 and SaOS-2 cell lines. However, compared to the PDX/KCG mats, the addition of FUC led to a smaller number of dead cells for both cell lines ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00350/suppl_file/ab7b00350_si_001.pdf)). Overall, these results suggest that the biocompatibility of electrospun PDX fibers can be significantly enhanced from 100% to 108% and 131% (for the SaOS-2 cell line) by the addition of KCG and FUC, respectively.

![Graphs depicting the relative cell viability of (A) NIH3T3 and (B) SaOS-2 cells on PDX, PDX/KCG 70/30, and PDX/FUC 70/30 scaffold materials after 24 h. The cell viability on PDX fibers was set to 100% and the corresponding values for the blend samples were calculated in relation to pure PDX. All cell viability values from the blend fibers were compared with pure PDX and were found to be significantly higher than pure PDX: \* *p* \< 0.05; \*\* *p* \< 0.0001, and (ns) not significant.](ab-2017-00350y_0005){#fig5}

To further investigate the influence of the nature of the polysaccharide and of the blend ratio on cell attachment and proliferation, different blend compositions of electrospun PDX/KCG and PDX/FUC fibers were seeded with NIH3T3 cells. SEM images of the cell-seeded scaffold materials after 7 days ([Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} A--C) showed that the cells proliferated well on all scaffold materials. However, cells on the PDX/KCG fibers proliferated and formed cell clusters (with sheet like appearance) on the surface of the electrospun mat. On the other hand, the morphology of single cells could be clearly noted on the corresponding PDX/FUC mats.

![SEM images of NIH3T3 cell seeded (A) PDX, (B) 70/30 PDX/KCG, and (C) 70/30 PDX/FUC mats after 7 days; MTT assay results of PDX/KCG and PDX/FUC fibers on (D) day 3 and (E) day 7. The absorbance of PDX was set to 1 and the absorbance values of the corresponding blends were expressed relative to that of PDX. All measured absorbance from the blend fibers were compared with pure PDX. Statistical analysis was conducted using a two-way ANOVA. Data from Days 3 and 7 were analyzed separately. Blend composition and blend systems were considered as the two varying factors. \* *p* \< 0.05; \*\* *p* \< 0.0001, and (ns) not significant.](ab-2017-00350y_0006){#fig6}

Moreover, the higher cell proliferation on the blend fibers was further confirmed in MTT assay. The incorporation of both KCG and FUC led to significantly better NIH3T3 cell proliferation in contrast to the pure PDX mats ([Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}D, E, [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00350/suppl_file/ab7b00350_si_001.pdf)). Comparing similar blend ratios of electrospun PDX/KCG and PDX/FUC fibers, it was noted that higher relative absorbance values were observed for the FUC containing mats after 3 days. However, after 7 days, PDX/KCG blends displayed higher relative absorbance values than PDX/FUC. This indicates that PDX/FUC mats act as better substrates for early cell attachment and proliferation, but electrospun PDX/KCG mats may be more suitable substrates for long-term NIH3T3 cell proliferation.

Osteogenic Differentiation Studies {#sec3.3}
----------------------------------

### Cell Morphological Studies {#sec3.3.1}

It was hypothesized that the electrospun blend fibers may promote osteogenic differentiation of SaOS-2 cells by altering the cell morphology and adhesion. Early cell morphological changes were detected by SEM and fluorescence microscopy 7 days after cell seeding. This study was carried out under two different conditions: (1) In the proliferation medium without osteogenic factors to determine the innate differentiation potential of the electrospun blend fibers, and (2) in the osteogenic differentiation medium.

As noted from the SEM images ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}), SaOS-2 cells showed better adhesion on the blend fibers with a more spread-out morphology compared to electrospun PDX in both cell growth conditions. The cells were more elongated on the PDX mats, whereas on the blend fibers they were more polygonal. It has been reported before that the cell shape regulates the commitment of human mesenchymal stem cells (hMSCs) to adipocyte or osteoblast fate.^[@ref41]^ In particular, cell spreading and flattening on the substrate during cell adhesion is essential for osteogenic differentiation.

![SEM images of SaOS-2 cell seeded (A) PDX, (B) 70/30 PDX/KCGm and (C) 70/30 PDX/FUC mats in proliferation medium; (D) PDX and (E) 70/30 PDX/KCG and (C) 70/30 PDX/FUC mats in osteogenic differentiation medium. The cells have been false colored in red in the SEM images using GNU Image Manipulation Program software; GIMP2 Inc.](ab-2017-00350y_0007){#fig7}

The detailed cell morphology was further studied using fluorescence microscopy. As cell spreading is controlled by the arrangement of the cytoskeleton, Rhodamine-Phalloidin was used to stain the actin filaments. In general, the actin networks in cells determine the overall shape of the cells by bridging integrins with the nucleus.^[@ref42]^ In accordance with the SEM data, fluorescence images showed a significant difference in SaOS-2 morphology on electrospun PDX vs blend fibers. The cells on electrospun PDX exhibited an elongated fibroblast morphology, whereas the cells on the blend fibers were more polygonally shaped and displayed multiple filopodia like protrusions, which indicate good adhesion between the substrate and the cells. As shown in several studies, this change in cell morphology is associated with differentiated stages of the cells.^[@ref43]−[@ref45]^

Furthermore, the cellular features observed were analyzed to quantify the morphological differences ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}). An increase in cell spread area has been correlated with osteogenic differentiation^[@ref46]−[@ref48]^ and an increase in nucleus size was concluded to translate into enhanced nuclear functional activity occurring during cell differentiation.^[@ref49]^ The mean area of SaOS-2 cells cultured in osteogenic medium on the electrospun fibers was found to be almost twice that of cells cultured in normal proliferation conditions. Furthermore, cells grown in the normal proliferation medium were larger on the electrospun blend fibers compared to the PDX fibers. The same trend was noted for cells grown under osteogenic differentiation conditions, i.e., these cells were larger in size on the blend fibers compared to PDX. This implies that the addition of polysaccharides improved the innate osteogenic differentiation capacity of the fibers. In addition, as expected, cells grown in osteogenic differentiation medium differentiated more in comparison to those cultured in proliferation medium.

![Fluorescence microscopy images of SaOS-2 cell seeded on (A) PDX, (B) 70/30 PDX/KCG, and (C) 70/30 PDX/FUC mats in proliferation medium; (D) PDX and (E) 70/30 PDX/KCG and (C) 70/30 PDX/FUC mats in osteogenic differentiation medium. The actin filaments are stained in red using Rhodamin-Phalloidin and the cell nuclei are stained in blue using Hoechst.](ab-2017-00350y_0008){#fig8}

###### Summary of Cell Features in Both Proliferation and Differentiation Medium

  cell features                       PDX          PDX/KCG 70/30   PDX/FUC 70/30
  ----------------------------------- ------------ --------------- ---------------
  proliferation medium                                             
  cell area (× 10^3^ μm^2^)           7.3 ± 1.1    16.4 ± 2.0      11.7 ± 1.9
  nucleus area (μm^2^ (×10^3^)        1.7 ± 0.4    2.5 ± 0.8       2.0 ± 0.4
  osteogenic differentiation medium                                
  cell area (×10^3^ μm^2^)            18.3 ± 2.4   34.5 ± 9.9      21.4 ± 8.7
  nucleus area (× 10^3^ μm^2^)        2.0 ± 0.5    3.4 ± 0.9       2.4 ± 0.6

Alizarin Red Staining {#sec3.4}
---------------------

During the process of osteogenic differentiation by SaOS-2 cells, calcium salts are formed. These can be used as an indirect osteogenic differentiation marker. In this study, an Alizarin red staining was used to quantify the calcium ions formed during the differentiation process. Alizarin Red stain binds selectively to the calcium deposits, resulting in the formation of red color, which can be quantified by UV/vis spectroscopy. In [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} it can be noted that the addition of the biopolymers led to an increase in the relative absorbance values, which was significantly higher for PDX/FUC fibers compared to PDX/KCG fibers (compare also [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00350/suppl_file/ab7b00350_si_001.pdf)).

![Relative absorbance values of Alizarin-Red S staining on PDX/KCG and PDX/FUC on (A) day 7 and (B) day 14 in differentiation experiments with SaOS-2 cells. The absorbance of PDX was set to 1 and the absorbance values of the corresponding blends were expressed relative to that of PDX. Statistical analysis was conducted using a two-way ANOVA. Data from days 7 and 14 were analyzed separately. Blend composition and blend systems were considered as the two varying factors. \* *p* \< 0.05, \*\* *p* \< 0.0001, and (ns) not significant.](ab-2017-00350y_0009){#fig9}

In summary, the incorporation of the anionic polysaccharides KCG or FUC in electrospun blend fibers with PDX led to a significantly improved NIH3T3 and SaOS-2 cell viability compared to pure PDX fibers. In addition, the innate osteogenic differentiation capacity of the blend fibers was higher than that of the pure PDX scaffold material. Among the biopolymer studied, FUC led to better osteogenesis compared to KCG. Comparing fibers with similar PDX/KCG blend composition with the corresponding PHB/KCG and PHBV/KCG studied before,^[@ref18]^ it can be noted that the PDX/KCG scaffold material acted as a better substrate for NIH3T3 cell proliferation. Indeed, according to the MTT assays, NIH3T3 cells grown on PDX/KCG fibers proliferated more than those cultured on PHB/KCG or PHBV/KCG fibers ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00350/suppl_file/ab7b00350_si_001.pdf)). However, compared to PDX/KCG and PHB/KCG fibers, PHBV/KCG fibers enhanced the formation of Ca minerals via improved differentiation of SaOS-2 cells ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00350/suppl_file/ab7b00350_si_001.pdf)). The performances of PHB/KCG and PDX/KCG in terms of SaOS-2 differentiation were almost similar.

Cell Viability of Induced Pluripotent Stem Cell Colonies and Embryoid Bodies {#sec3.5}
----------------------------------------------------------------------------

The improvement observed with the blend fibers motivated a first set of experiments with human induced pluripotent stem cells (iPS cells), which have been shown to be promising for TE applications. Recently, several studies have been conducted, in which the viability, proliferation and differentiation of iPS cells were assessed on electrospun fibers.^[@ref50],[@ref51]^ As evidenced by live/dead staining, electrospun polycaprolactone scaffolds supported the growth of human iPS cells.^[@ref50]^ Furthermore, these cells could differentiate into neuronal cells. Electrospun polystyrene scaffolds were shown to be suitable for the long-term expansion and differentiation of human iPSCs.^[@ref51]^ Following the significant improvements noted in terms of cell response on the electrospun PDX/KCG mats compared to PHB/KCG or PHBV/KCG blend mats, we evaluated the suitability of electrospun PDX/KCG blend mats for iPS cell culture. The iPS cells were cultured on Matrigel coated TCPS plates and later the iPS colonies were detached, counted and used for embryoid body (EB) formation using the hanging drop method. After 24 h incubation at 37 °C, the EBs were flushed using culture medium ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00350/suppl_file/ab7b00350_si_001.pdf)) and then seeded on fibronectin precoated electrospun mats. The electrospun mats were coated with fibronectin prior to EB seeding as EBs were found not to attach to the mats and to float in the cell medium, when fibronectin was not used. SEM images of the EBs after 3 days in culture on the electrospun mats are shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}. As indicated by the red dotted lines in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}, the iPS cells from the EBs start to attach and proliferate on the surface of the electrospun mat. The viability of the EBs on the electrospun substrates was also investigated via the live--dead staining method ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}). The iPS cells maintained high viability as noted from the small number of dead cells stained in red. Moreover, the EBs grew and expanded considerably in size after 7 days. Thus, the preliminary data acquired with iPS cells in this study suggest that the PDX/KCG and PDX/FUC electrospun blend mats possess the potential to be used in combination with iPS cells for TE applications. Further studies are ongoing to evaluate the osteogenic differentiation potential of human iPS cells on these electrospun blend fibers.

![SEM images of EBs seeded on electrospun PDX/KCG mats after 3 days culture.](ab-2017-00350y_0010){#fig10}

![Fluorescence images of EBs stained after 2 days culture on (A) PDX, (B) PDX/KCG 70/30, and (C) PDX/FUC 70/30 and after 7 days on (D) PDX, (E) PDX/KCG 70/30, and (F) PDX/FUC 70/30.](ab-2017-00350y_0011){#fig11}

Conclusions {#sec4}
===========

In this study, the potential of electrospun PDX/KCG and PDX/FUC blend fibers as cell culture substrates for tissue engineering applications was investigated using NIH3T3, SaOS-2 and human induced pluripotent stem cells. ATR-FTIR, DSC and TGA data suggested the presence of hydrogen bonds in PDX/KCG blends in contrast to PDX/FUC. The immiscibility in PDX/FUC blends led to higher extent of hydrolytic degradation as evidenced by more regions of fiber melting compared to PDX and PDX/KCG fibers. The NIH3T3 and SaOS-2 cell viability assays confirmed that the addition of KCG and FUC resulted in a lower number of dead cells and therefore improved cell response. According to the MTT assay, the PDX/KCG blend fibers showed the highest NIH3T3 cell proliferation after 7 days. Furthermore, SaOS-2 cells showed substantial changes in their morphology, when cultured on PDX, PDX/KCG and PDX/FUC fiber mats. These changes in cell morphology indicated osteogenic differentiation, which was further confirmed by Alizarin red staining of the Ca deposits formed. PDX/FUC blend fibers were shown to promote the differentiation of SaOS-2 cells to a larger extent compared to PDX/KCG in the absence of external biological cues. In addition, the fabricated electrospun mats supported the culture of EBs produced from human iPS cells. SEM images and live--dead staining showed that the EBs attached and proliferated after 3 days and that the iPS cells maintained high cell viability after 7 days, respectively. These results clearly underline the potential of biopolymers, in particular KCG and FUC, blended with other degradable polymers in electrospun blend fiber mats for use as cell culture substrates for TE.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsbiomaterials.7b00350](http://pubs.acs.org/doi/abs/10.1021/acsbiomaterials.7b00350).(DSC curves of PDX/KCG and PDX/FUC blend fibers; TGA curves of PDX/KCG and PDX/FUC blend fibers; graph depicting the fraction of live v/s dead NIH3T3 and SaOS-2 cells on PDX, PDX/KCG 70/30, and PDX/FUC 70/30 scaffolds after 24 h; MTT assay results obtained in experiments of NIH3T3 cells on PDX/KCG and PDX/FUC fibers on days 3 and 7; absorbance of Alizarin-Red S staining of PDX/KCG and PDX/FUC after 14 days in differentiation experiments of SaOS-2 cells; MTT assay results obtained in experiments of NIH3T3 cells on PHB/KCG and PHBV/FUC fibers on day 7; relative absorbance values of Alizarin-Red S staining of PHB/KCG and PHBV/KCG on day 14 in differentiation experiments of SaOS-2 cells; optical microscopy images of flushed EBs at low magnification and single EB at higher magnification ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00350/suppl_file/ab7b00350_si_001.pdf))
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:   bone tissue engineering
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